We present a practical approach for coregistration of bioluminescence tomography (BLT), computed tomography (CT), and magnetic resonance (MR) images. For this, we developed a customized animal shuttle composed of nonfluorescent, MR-compatible Delrin plastic that fits a commercially available MR surface coil. Mouse embryonic stem cells were transfected with the luciferase gene and labeled with superparamagnetic iron oxide nanoparticles. Cells were stereotaxically implanted in the mouse brain and imaged weekly for 4 weeks with bioluminescent imaging (IVIS Spectrum CT scanner) and magnetic resonance imaging (MRI; 11.7 T horizontal bore scanner). Without the use of software coregistration, in vitro phantom studies yielded rootmean-square errors of 7.6 ϫ 10 Ϫ3 , 0.93 mm, and 0.78 mm along the medial-lateral (ML), dorsal-ventral (DV), and anterior-posterior (AP) axes, respectively. Rotation errors were negligible. Software coregistration by translation along the DV and AP axes resulted in consistent agreement between the CT and MR images, without the need for rotation or warping. In vivo coregistered BLT/MRI mouse brain data sets showed a single diffuse region of bioluminescent imaging photon signal and MRI hypointensity. Over time, the transplanted cells formed tumors as histopathologically validated. Disagreement between BLT and MRI tumor location was greatest along the DV axis (1.4 Ϯ 0.2 mm) than along the ML (0.5 Ϯ 0.3 mm) and the AP axes (0.6 mm) because of the uncertainty of the depth of origin of the BLT signal. Combining the high spatial anatomical information of MRI with the cell viability/proliferation data from BLT should facilitate preclinical evaluation of novel therapeutic candidate stem cells.
INTRODUCTION
Stem cell therapy is a burgeoning area of research for the treatment of a diverse range of diseases. A persistent challenge has been the need to monitor the accuracy of cell injection, survival and migration, and the potential tumorgenicity of undifferentiated stem cells (1) . In vivo molecular and cellular imaging modalities that are currently used for tracking cells include bioluminescent imaging (BLI) (2) (3) (4) (5) , magnetic resonance imaging (MRI) (6) (7) (8) , and magnetic particle imaging (MPI) (9) (10) (11) , and nuclear imaging modalities include single photon emission computed tomography (12) (13) (14) and positron emission tomography (PET) (15, 16) . Each of these techniques has its own advantage and limitation with respect to temporal resolution, anatomical detail, and functional information.
BLI is a widely used preclinical imaging technique that captures the propagation of light produced by luciferase (Luc)-transduced cells following the administration of the substrate luciferin. Because the depth of the light source and hence its tissue attenuation may vary, BLI provides a semi-quantitative planar image, with the signal intensity being proportional to the number of viable or actively expressing cells, but without background anatomical information. In contrast, MRI provides ex-cellent soft tissue anatomical detail while simultaneously allowing tracking of cells that are labeled ex vivo with magnetic resonance (MR) contrast agents (17, 18) or MR reporter genes (19) (20) (21) (22) . MR-based cell tracking using superparamagnetic iron oxide (SPIO) as the MR contrast agent can localize single cells with high anatomical detail (23, 24) . While there have been efforts to develop methods to quantify cell viability or cell number using MRI reporter genes (25) , these techniques are not robust and are limited to a detection threshold number of ϳ10 4 cells (18) . In comparison, under optimal conditions BLI has been reported to be able to visualize lower numbers of cells in vivo (26, 27) , but with a limited spatial resolution in the order of millimeters.
A recent development has been the introduction of bioluminescence tomography (BLT), where the spatial cell distribution in three dimensions can be visualized. A fusion of both BLT and MRI has the potential to compensate for the shortcomings of each method. One approach to fuse BLI/BLT images with other imaging modalities has been to use the coregistered information in an attempt to improve BLT reconstruction accuracy (28) (29) (30) (31) or validate BLT results (32) . While a growing body of work has examined the coregistration of BLI and MRI in these feasibility studies, an underdeveloped area is the application of coregistered BLT in preclinical or discovery research (33, 34) . Among the few examples in the literature, Virostko et al. coregistered BLT and PET images to evaluate three new PET radiotracers for imaging human pancreatic beta cells (35) . Deroose et al. reported on using a multimodal BLI-fluorescence-PET reporter gene to provide BLI and coregistered PET-computed tomography (CT) images of tumors (36) . As an alternative multimodal approach for imaging brain tumors, fluorescence molecular tomography has been combined with MRI (37) or micro-CT and acoustic tomography (38) to exploit the sensitivity of fluorescence imaging with anatomical imaging at 0.1 mm of spatial resolution.
A more common approach is multimodal imaging without using image fusion. In one example, Zhang et al. used independently acquired MRI and planar BLI to assess stem cell survival in a rat model of myocardial infarction (39) . Others have examined the fate of cell transplants in the mouse brain using MRI and BLI (40-43), without using BLT or coregistration. From these studies, it has become evident that a more accurate coregistration of BLT with other anatomical imaging modalities (MRI or CT) for in vivo applications is highly desirable. In this study, we present a protocol for coregistration of reconstructed BLT volumes with MRI anatomical data as exemplified by tracking SPIO-labeled embryonic stem cells in mouse brain.
MATERIALS AND METHODS

Design of Customized Animal Holder for Multimodal BLI/CT/MR Imaging
In a preclinical setting, coregistration between MRI and BLI requires transporting the subject between different imaging scanners. Maintaining the subject in a fixed posture between image acquisitions and determining an a priori transformation between the scanner coordinate systems can simplify the registration procedure. We adapted a commercially available animal holder (PerkinElmer Inc., MA, USA) ( Figure 1A ) into a custombuilt shuttle, which was used for animal immobilization and transportation between an IVIS Spectrum CT scanner (PerkinElmer Inc., Massachusetts, USA) and a Bruker Biospec 117/16 (Bruker Corporation, MA, USA) 11.7 T MRI scanner. Two recesses (1-mm depth, 100-mm length, and 10.5-mm height) were milled into the inside surface of the shuttle ( Figure 1B ) to fit a radiofrequency MR surface coil, suitable for either brain or cervical spinal cord imaging ( Figure 1C) . The coil rests a few millimeters dorsal to the surface of the animal to avoid disturbing its position between the scanners. The removable MR coil allows the shuttle to maintain an open top during BLI to avoid optical distortion and/or attenuation of photon signal. The original holder is composed of a nonfluorescent, MR-compatible, Delrin plastic and is colored black to minimize light scatter during BLI. Additional slots were cut into the rear of the holder ( Figure 1B ) to accommodate leads from the MRI coil and a pressure respiration pad, as well as slots to pass restraint straps. We used a set of clear, elastic polyurethane straps to gently restrain the mouse during imaging without detectable autofluorescence or autoluminescence within the wavelengths of interest (580 -680 nm). The entire shuttle locks into an imaging platform in the IVIS Spectrum CT and a dedicated support arm in the 11.7 T MRI scanner that provides anesthesia and heating.
Registration Procedure and Repeatability Tests
Repeatable positioning of the shuttle in the IVIS Spectrum CT scanner was accomplished by a snap-fit mechanism that locks the shuttle into the stage. For the Bruker 11.7 T scanner, a motorized positioning stage with precision of 0.1 mm was used to position the shuttle along the axis of the bore. To determine the accuracy of the transformation between the coordinate systems of the BLI/CT and MRI scanners, an air-water phantom visible on both CT and MRI was made out of a 15-mL polypropylene tube filled with deionized water. Smaller 0.5-mm tubes filled with either air or water were then placed inside this larger tube. The phantom was imaged using the MRI and CT protocols described below, and repeated three times with the removal of the shuttle, reinsertion, and readjustment of the stage and ion knobs in the MR scanner.
MR and CT data sets were imported into Amira 5.3 (FEI Visualization Sciences Group, Bordeaux, France) and coregistered for each trial by manual positioning followed by automatic registration using a rigid transformation and normalized mutual information metric. The accuracy of the registration was verified by visual inspection. The transformation between the CT and MR coordinate systems was considered as the mean of the transformations obtained from the three trials. Repeatability was computed as the root-mean-square error between the individual transformation components along each axis against the averaged transformation above.
Cell Transfection and Labeling
Mouse embryonic stem cells (mESCs) were purchased from ATCC and cultured on neomycin-resistant primary mouse embryonic fibroblast (PMEF-N; Millipore-Chemicon, MA, USA). mESCs were cultured in embryonic stem (ES) culture medium (ES cell-qualified Dulbecco's Modified Eagle Medium containing ES cell-qualified 15% fetal bovine serum, 0.1mM nonessential amino acid, 2mM L-glutamine, 0.1mM 2-mercaptomethanol, 1% nucleosides, 1% penicillin-streptomycin, and 1000 IU/mL leukemia inhibitory factor). The ES culture medium was changed once daily, and the ES cells were passaged every 4 days. mESCs were transduced with lentivirus carrying the firefly Luc reporter gene and a neomycin resistance selection gene under control of the ubiquitin promoter (Lenti-Luc) at a multiplicity of infection of 10 -30 in 2 mL of medium. After 24 hours, cells were washed with 10mM phosphate-buffered saline (PBS), pH ϭ 7.4, and fresh medium was added. After lentivirus transduction, 100% of mESCs were expressing firefly Luc, achieved by adding 400 g/mL of G418 antibiotic to the medium, followed for 5 days of culture for G418 selection. There was no adverse effect of lentivirus transduction on the growth of mESCs.
For validation of the Luc gene expression by BLI, the ES medium was removed and 30 g/mL D-luciferin in PBS was added. The luminescence signal was observed using an IVIS Spectrum CT scanner (Perkin Elmer Inc.).
For MRI labeling, Luc-mESCs were incubated overnight with 25 g/mL Molday ION-Rhodamine SPIO nanoparticles (BioPal, Inc., MA, USA) before transplantation. Red-channel fluorescence microscopy was used to verify SPIO labeling of the cells.
Cell Transplantation
All animal procedures were performed under an approved protocol from our Institutional Animal Care and Use Committee (IACUC). Three 3-week-old male BALB/c mice (Harlan Laboratories, IN, USA) were anesthetized using 2% isoflurane, were shaved, and then immobilized in a stereotactic frame (Harvard Apparatus, MA, USA). SPIO-labeled Luc-mESCs (5 ϫ 10 4 cells in 2 L of volume) were injected into the brain using a 31-gauge needle and a motorized injector (Stoelting Co., IL, USA) at a rate of 0.5 L/min and the following coordinates: anterior-posterior (AP) ϭ 0 mm, medial-lateral (ML) ϭ 2.0 mm, and dorsal-ventral (DV) ϭ 1.5 mm. The needle was carefully withdrawn 2 minutes after the end of the injection to minimize backflow. Animals were immunosuppressed by intraperitoneal daily administration of a cocktail of (FK-506) ϩ (rapamycin) (1 mg/kg each; LC Laboratories, Woburn, Massachusetts), beginning 3 days before cell transplantation, and then daily until sacrifice.
Imaging
Mice were imaged the next day after cell transplantation, and then weekly for a total of 4 weeks. For each imaging session, anesthesia was induced using 3% isoflurane in oxygen and maintained using 0.5 L/min of 1%-2% isoflurane throughout the imaging session. In the shuttle, the mice, which were in the prone position, were gently restrained using the elastic straps, with the nose fully inserted into the anesthetic nose cone. Anesthetic delivery was briefly interrupted at the end of BLI/CT imaging while the shuttle was transported to the MRI scanner, and resumed within 1 minute before the animals could recover.
MR Imaging
For phantom imaging, a 72-mm-diameter volume coil (Bruker Corporation) and a T2-weighted rapid acquisition with relaxation enhancement sequence were used with the following parameters: repetition time (TR) ϭ 3400 milliseconds, echo time (TE) ϭ 30 milliseconds, field of view (FOV) ϭ 6 ϫ 2 ϫ 1.6 cm, number of slices ϭ 32 with 0.5-mm spacing, matrix ϭ 360 ϫ 128, and number of averages (NA) ϭ 1. For in vivo animal imaging, a 2 ϫ 2 cm of phased array surface coil (Bruker Corporation) was placed into the open top of the shuttle. Mice were imaged using 2 sequences:(1) A T1-weighted fast lowangle shot sequence with the following parameters: TR ϭ 480 milliseconds, TE ϭ 6.3 milliseconds, FOV ϭ 1.6 ϫ 1.6 cm, number of slices ϭ 40 with 0.35-mm spacing, matrix ϭ 196 ϫ 196, NA ϭ 1. (2) A T2-weighted rapid acquisition with relaxation enhancement sequence with TR ϭ 4000 milliseconds, TE ϭ 31.9 milliseconds, flip angle ϭ 180°, FOV ϭ 1.6 ϫ 1.6 cm, matrix ϭ 256 ϫ 256, and NA ϭ 3. Respiration gating was used to suppress motion artifacts.
CT Imaging
CT images for both phantom and mice were acquired using an IVIS Spectrum CT scanner (PerkinElmer Inc.) with the following parameters: 50 kVp at 1 mA current, 50 milliseconds of exposure time, and using an aluminum filter. A total of 720 projec-tions spaced 0.5°apart were acquired, and the CT volume was reconstructed using Living Image software (PerkinElmer Inc.), using an FOV ϭ 12.0 ϫ 12.0 ϫ 3.0 cm with 0.15-mm isotropic resolution.
BLI
BLI was acquired with a cooled charge-coupled device (CCD) camera using the same IVIS Spectrum CT scanner.
BLT Reconstruction
Reconstruction of the bioluminescent source and superposition over the CT volume was performed using the Diffuse Light Imaging Tomography (DLIT) algorithm available in Living Image software 4.3 (44) . In brief, the algorithm uses single-view, multispectral bioluminescent images to perform the reconstruction with segmentation of the CT images to provide the mouse body boundary. Bioluminescent source and tissue absorption spectra for the Luc reporter and mouse tissue were predefined in the software. The source distribution was visualized using a voxel size of 0.31 mm and no smoothing, and then exported to Amira for coregistration with MRI.
Histopathology
All animals were euthanized following the last imaging time point at week 4 post-transplantation. Mice were transcardially perfused with 10mM PBS, followed by 4% paraformaldehyde in PBS. The brains were removed, fixated in paraformaldehyde overnight at 4°C, cryopreserved in 30% sucrose, and then snap frozen on dry ice. Serial 30-m-thick coronal sections were cut using a Thermo Scientific HM 550 cryostat and transferred to glass slides. Sections were stained with hematoxylin and eosin for tissue morphology and Prussian Blue (Perls reagent)/neutral red counter stain for visualizing SPIO labeling (45) .
For immunohistochemistry, nonspecific binding was blocked by incubating with a solution of 10% donkey serum and 0.1% Triton X-100-PBS for 2 hours at room temperature. Sections were then incubated overnight at 4°C with rabbit polyclonal antifirefly Luc antibody (1:3000, GeneTex, Inc., CA, USA) in a blocking solution. Goat antirabbit secondary antibodies (1:200, Alexa Fluor-488, Invitrogen-Thermo Fisher Scientific, MA, USA) were then added in the blocking solution for 2 hours at room temperature. Sections were rinsed with 10mM PBS, counterstained with DAPI (4=,6-diamidino-2-phenylindole), and mounted on coverslips with aqueous nonfluorescent medium (Fluoro-gel with Tris Buffer, Electron Microscopy Sciences, PA, USA). Microscopic images were acquired with a Zeiss AX10 (Carl Zeiss Microscopy GmbH, Jena, Germany) fluorescence microscope.
RESULTS
Accuracy of Shuttle Repositioning
Repeatability tests with the phantom showed that errors were greatest in the DV and AP axes without the use of software coregistration, with root-mean-square errors of 7.6 ϫ 10 Ϫ3 mm, 0.93 mm, and 0.78 mm along the ML, DV, and AP, axes respectively. Rotation errors were negligible. Software coregistration by translation along the DV and AP axes resulted in good agreement between the CT and T1-weighted MR images (Figure 2) , with no need for either rotation or warping. Subsequent tests on live mice using the registration procedure showed excellent agreement between the 2 imaging modalities (Figure 3) . The soft brain tissue as depicted using the MRI could be successfully overlaid with the radiopaque CT contrast of the bone with an error of Ͻ0.1 mm. 
Comparison of Transplanted Cell Location by Imaging Modality
MR coronal T2-weighted images ( Figure 4) showed a spherical hypointense implantation site representing SPIO-labeled cells. Over time, the mESCs formed tumors, as they were transplanted in an immunosuppressed host. The hypointense contrast remained predominantly located at the center of cell implantation, as the rapidly dividing tumorigenic mESCs diluted the SPIO label to undetectable levels. Coregistered BLT data sets, superimposed over the MR images, showed a single diffuse region of viable Luc cells. Histopathological analysis ( Figure 5 ) was used to validate the imaging results from the different modalities. Hematoxylin and eosin staining confirmed the presence of a tumor mass both in the hypointense region and in the area of increased signal intensity seen on MRI. Prussian blue staining confirmed the presence of iron deposits within the hypointense region seen on MRI. Anti-Luc staining indicated the presence of Luc-expressing cells at both the original transplantation site and the distant sites containing migrated cells.
Comparison of MR-and BLI-Reported Cell Proliferation
The cellular transplant volume as is apparent from the MR data sets showed minimal changes over the first few weeks, and it was not until week 4 post transplantation that a rapid tumor growth could be observed ( Figure 6 ). The hypointense areas containing the original SPIO-labeled cells masked the tumor mass initially, but these became fragmented and dispersed within the growing tumor at a later time point. Focal hyperintensities were also seen, which matched the edematous area of fluid-filled pockets on histology (compare Figure 5A-C) . The BLI signal, corresponding to the number of viable cells, increased significantly within 1 week post transplantation (P Ͻ .05) (Figure 7A) . Quantification of the BLT-reconstructed light source in absolute units (photons/s) showed a similar trend as the BLI ( Figure 7B ).
DISCUSSION
We have developed a protocol for noninvasive BLT/MRI tracking of stem cells transplanted in mouse brain. We combined BLI and MRI for longitudinal assessment of both the location and proliferation of engrafted cells. In an ideal case, the use of a prior-determined transformation between the BLI/CT and MR scanner coordinates should eliminate the need for subsequent software registration. However, in the current study, the shuttle repeatability test indicated subvoxel (Ͻ0.15 mm) accuracy along the ML axis with the need for software coregistration along the other 2 axes to correct for Ͻ1 mm of deviations observed. For comparison, Beattie et al.'s previous work measured coregistered BLI to CT using an animal holder with a mean repeatability error of 0.36 mm (30) . Other studies on coregistration of PET and MRI data have cited repeatability in the range of 0.2-0.3 mm (46, 47) . We attribute the positioning errors along the AP and DV axes using a prior-determined transformation to the design of the MR scanner stage, which includes manual fine-positioning knobs that translate the stage along the sagittal plane and are necessary to allow the scanner to accommodate stages and inserts of different geometries. In contrast, the MR scanner stage is fixed from lateral motion, which is consistent with the higher repeatability seen in the ML axis. Future improvements may be made using a fixed-position MR scanner stage, trading versatility for increased registration accuracy. In addition, fiducial markers visible on both CT and MRI may be embedded into the animal shuttle, allowing the user to verify registration accuracy without running a separate phantom imaging validation. Nonetheless, we found the use of our current animal holder design in our study to be valuable, in that it maintains the animal in a fixed position, eliminating the need for nonrigid deformation-based registration, greatly simplifying the registration procedure from a 6-degrees-of-freedom problem to a simple translation along 2 axes.
While the use of BLI in the brain is well established, there are fewer studies on the use of BLT; to the best of our knowledge, only two other reports exist. Chaudhari et al. used multiview, multispectral BLT to reconstruct the location of a xenografted U87MG tumor in a nude mouse brain to within ϳ0.7 mm of the actual location (n ϭ 1), citing a BLT resolution of 1.5-2.2 mm for depths of up to 6 mm (48). Abdelwahab et al. describe a protocol for BLT imaging of GL261 gliomas in mice, but they do not cite the accuracy of tumor localization (49) . For our current results, in vivo imaging of transplanted SPIO-labeled and Luc-transfected mESCs showed an overall good agreement between BLT and MRI on cell location along the AP and ML axes. However, there was a notable discrepancy between the BLT-and MRIreported cell locations along the DV axis (Figure 4 ) after software coregistration, with a mean difference of 1.4 Ϯ 0.2 mm, than between the BLT-and MRI-reported cell locations along the ML axis after software coregistration, with a mean difference of 0.5 Ϯ 0.3 mm. Subsequent histological sections confirmed the presence of tumor masses and viable Luc-mESCs at locations corresponding to the MR images. A possible explanation is that a single-view, multispectral BLT reconstruction such as that used in this study depends on accurate knowledge of the optical properties for the tissue transmitting light to localize the luminescent source depth. Depth errors in the reconstruction may have been introduced through SPIO altering the optical properties at the tumor site, which was visible as a darker region in the tissue sections. BLT depth localization accuracy may also be improved in future work by segmentation of the coregistered anatomical images to define regions of different tissue optical properties. Using such an approach, Chaudhari et al. reported accurate localization in the horizontal plane with a residual error of 0.7 mm along the DV axis relative to the true tumor location (48) .
In addition to monitoring the precise location of stem cell engraftment and dispersion, the potential tumorigenicity of stem cells is a critical safety factor that must be evaluated before translation to clinical trials (50) (51) (52) . In our study, BLI showed a significant increase in luminescence by week 2 post transplantation by nearly two orders of magnitude (Figure 7) , indicating a rapid proliferation of mESCs and the formation of tumors. The apparent tumor volume did not, however, change appreciably on MRI during the first 2 weeks; an increase in tumor volume in all three animals was only visible at the 4-week time point, although not statistically significant at this sample size. A limitation when measuring the apparent tumor volume from the MR volumes was the blooming artifact of the hypointense SPIO signal, masking the growing tumor, and causing an apparent decrease in tumor volume by 2 weeks post-transplantation as some of the SPIO cleared. Nevertheless, MRI aided the visualization of tumor morphology that could not be inferred by using BLT alone. These results suggest that care must be taken when interpreting MRI-or BLI-derived measures of tumorigenicity independently; a multimodal approach can help compensate for the limitations of each modality. Our findings agree with the work of Jost et al., who noted an increasing discrepancy between BLI-and MRI-derived measurements of glioblastoma tumor growth in mice as the tumor size increased (40) .
The calculated BLT-reported source power ( Figure 7B ), which is a quantitative measure of light output by the LucmESCs, followed a similar trend as that seen for BLI but with a higher variability. This may be attributed to errors in the reconstructed source depth (Figure 4 ), which is a major determinant of source quantification accuracy in BLT (18) . Because BLT accounts for the attenuation of light as it travels through the tissue, an incorrectly estimated depth will result in errors in source quantification.
In summary, we have developed a strategy and have shown a preclinical application in which transplanted stem cells can be tracked using coregistered MR and BLT data. This dual-modality imaging approach may aid in obtaining a better understanding of stem cell and stem cell-derived tumor dynamics by providing a more comprehensive analysis of cell fate in vivo.
